INTRODUCTION
Superoxide dismutase (SOD, EC 1.15.1.1) performs antioxidant functions in numerous tissues and fluids, and for this reason has been considered indispensable to oxygen-metabolizing organisms (Fridovich, 1974) . Both the Cu2Zn2 (CuZn-SOD) and mangano (Mn-SOD) forms of the enzyme exist in eukaryotes. Mn-SOD is localized in mitochondria and is distinguished from CuZn-SOD catalytically by its resistance to inhibition by cyanide. CuZn-SOD occurs primarily in the cytosol and, although well-characterized chemically and catalytically, has been studied only sparingly in aorta (Dubick et al., 1986) .
CuZn-SOD is a homodimer with a subunit Mr of about 16600. The complete amino acid sequence of the bovine erythrocyte enzyme has been determined and found to be identical for the two subunits (Steinman et al., 1974) . The enzyme lacks tryptophan and displays a unique u.v. absorption spectrum with major peaks below 280 nm (McCord & Fridovich, 1969) . There is one Cu and one Zn atom bound tightly to each subunit (Carrico & Deutsch, 1970) and juxtaposed across a bridging imidazole (His-61) (Richardson et al., 1975; Fee, 1977; Valentine et al., 1979) . Both metals are dissociated chemically, but not selectively, by treatment with sodium acetate, pH 3.6, in the presence of EDTA (McCord & Fridovich, 1969; Carrico & Deutsch, 1970) . Reconstitution of apo-(CuZn-SOD), the metal-free form, has also been achieved in vitro (Forman & Fridovich, 1973) . The metal binds non-selectively when copper is in excess, and copper appears capable of engaging both metal-binding sites (Fee, 1973) . The reconstituted protein has about 20 800% of the catalytic activity, but shows subtle differences in its e.p.r. spectrum, suggesting that it is not the native form (Fee, 1973) . Both zinc and copper ions are needed to achieve the thermally stable native enzyme and restore full catalytic activity and spectrophotometric properties (Beem et al., 1974; Fee, 1973b) . Zinc, however, is less critical, and can be substituted with cadmium, mercury or cobalt ions (Beem et al., 1974) ; however, no metal can replace copper in restoring catalytic function. Learning how the cell achieves such metal-ion selectivity and specificity is one object of our research investigations.
Using basically nutritional approaches, a number of workers have confirmed that CuZn-SOD activity in rat liver (Paynter et al., 1979) , lung (Jenkinson et al., 1984) and erythrocytes (Bettger et al., 1978; Williams et al., 1975) , is regulated by the availability of copper. Somewhat unexpectedly, dietary zinc has very little influence on the SOD activity in erythrocytes (Bettger et al., 1979) . Previously we reported that radioactive copper bound preferentially to a 30000-Mr component in aortic cytosol. Moreover, this component(s) was coeluted with SOD activity on Sephadex G-75 (Balthrop et al., 1982) . The present work verifies the existence of a CuZn-SOD in chick aorta and confirms that copper is a determinant of its activity. In this and the following paper (Dameron & Harris, 1987) described previously (Rayton & Harris, 1979) . Deficient diets contained less than 1 jug of copper per kg as determined by atomic-absorption analysis. Deficiencies were confirmed by analysis of serum copper and caeruloplasmin (Harris & DiSilvestro, 1981) .
In some studies, SOD activity was restored by a single intraperitoneal injection of CuSO4 (1.0 mg of Cu/kg body wt.) dissolved in 0.9 % NaCl 24 h before killing by decapitation. Control animals received only the 0.9 % NaCl. Aortic tissue was removed and cleaned of fascia then stored at -20°C until used. The CuZn-SOD activity was stable for months when stored in this manner. Purification of chick liver CuZn-SOD The procedure of Weisiger & Fridovich (1973) was followed with few modifications. Fresh chicken livers were obtained from a local market. Final purification was achieved by preparative polyacrylamide-gel electrophoresis by the procedure of Davis (1964) and electroeluted by the method of Hunkapiller et al. (1983) . The Davis procedure was adapted to a Hoeffer model SE 500 slab-gel apparatus.
Measurement of SOD activity in tissues
Moist aortic tissue, cleaned of fascia, was blotted dry to remove traces of blood proteins, then homogenized in 10 vol. of 0.12 M-NaCl/0.015 M-potassium phosphate, pH 7.6, using a motor-driven Potter-Elvehjem homogenizer. The homegenate was centrifuged at 100000 g for 30 min at 4°C, and portions of the supernatant were tested for SOD activity.
The procedure for measuring SOD activity followed in outline that of Marklund & Marklund (1974) , which involved the use of pyrogallol (1,2,3-trihydroxybenzene; BDH Chemicals Ltd., Poole, Dorset, U.K.). The change in A420 was followed in a Beckman model 25 recording spectrophotometer. CuZn-SOD was determined by measuring the activity in the presence or absence of NaCN (1.0 mM) and subtracting the CN-sensitive activity from total activity. Corrections were made for direct effects of CN-on pyrogallol autoxidation. One unit of SOD activity is defined as that amount of enzyme that produces a 50 % inhibition in the autoxidation of pyrogallol.
Analytical determinations
Copper and zinc concentrations in tissue extracts and purified proteins were determined with an atomicabsorption spectrophotometer (Perkin-Elmer model 272) using an air/acetylene flame. Copper and zinc standards were purchased from Fisher Scientific.
Analytical polyacrylamide-gel electrophoresis on reducing gels was by the method of Laemmli (1970) . LowMr protein standards were purchased from Bio-Rad. An Idea Scientific MINI-SLAB gel apparatus was used.
E.l.i.s.a. was performed on 25,u1 aliquots of aortic extracts that had been treated with 0.5 vol. of chloroform/ethanol (3: 5, v/v) to remove most ofthe extraneous protein without removing CuZn-SOD (McCord & Fridovich, 1969) . Proteins in the extracts were affixed to plastic microtitre plates by overnight incubation at 4°C in alkaline buffer (0.05 NaHCO3, pH 9.6). Peroxidasecoupled goat anti-rabbit IgG was purchased from Cooper Biomedical (Westchester, PA, U.S.A.). Antibodies to chicken liver CuZn-SOD were prepared in rabbits by standard procedures. The antiserum and control serum were collected and the IgG fraction was purified by (NH4)2SO4 precipitations and by extensive dialysis at pH 5.0 and at 4°C to remove lipoprotein. The purified IgG was dialysed against 0.15 M-NaCl/0.0I MNaN3. o-Phenylenediamine (Sigma Chemical Co.) was used as a substrate, individual well samples being quantified by measuring A492 against that of a known concentration of highly purified CuZn-SOD.
Protein measurements were determined with the Bradford (1976) (Fig. 2) showed the characteristic hyperfine splitting seen previously for this enzyme (Beem et al., 1974) , confirming the presence of copper in the structure. Antibodies against the chicken liver enzyme cross-reacted with proteins in extracts from control aorta. Unexpectedly, extracts from copper-deficient aortas also showed immunoreactive components (Fig. 3) 'U diets for 12 days. Control animals received the same diet, but supplemented with copper salts. Total SOD activity in aortas was monitored daily. In the control chicks, total SOD activity increased 2-3 times over the day-I value in the first 4 days. It then declined somewhat, but remained high for at least 12 days. Chicks fed copperdeficient diets showed the same initial rise in total SOD, but this was followed by a progressively downward trend, non-detectable levels being reached in 11 days (Fig. 4) .
A closer evaluation of the data revealed that both the CuZn and mangano forms of SOD increased during the first 4 days of development in both deficient and control animals (Fig. 5) . Initially, 40 % of the SOD activity in aorta was CuZn-SOD. This form rose to 70 % by day 4 and stayed elevated in control animals. At day 12, 50 % of the total SOD activity was CuZn-SOD (Fig. Sa) . Deficient animals, in contrast with controls, showed a steady decline in CuZn-SOD activity after the first 4 days. Fig. 5(b) shows that a total SOD activity was still present when CuZn-SOD was no longer detectable.
Restoration of SOD activity in vivo
The loss of total SOD activity in aorta was reversed by administering copper salts to deficient animals. As shown in Fig. 6 , 10-day deficient chicks switched to control diets showed nearly normal levels of CuZn-SOD activity 2 days later (Fig. 6, inset) . Those given the copper salts (less than 0.5 umol of copper) intraperitoneally responded almost instantaneously (Fig. 6) . A 2 h lag period preceded the slow but steady increase in CuZn-SOD activity, which reached about 80 % of the control level in 8 h. One injection of the copper salts sufficed to re-activate the enzyme. In these shorter time periods, CuZn-SOD was the favoured form activated; the cyanide-insensitive form was also restored by the copper after 6 days. These data confirm the role of copper in regulating the physiological levels of CuZn-SOD activity in aortic tissue. Alb ..:SOD The centre well contained rabbit anti-(chicken liver CuZn-SOD) serum. Key to wells: -Cu, extract from deficient chick; +Cu, extract from control chick; SOD, purified liver CuZnSOD; Alb, chicken serum albumin; CP, chicken caeruloplasmin; BLK, blank. data confirm a structural overlap between the liver and aorta enzymes and furthermore suggest the presence of CuZn-SOD protein in deficient-tissue extracts. Development of aortic SOD activity in vivo We next turned our attention to the appearance of CuZn-SOD in developing-chick aorta and possible effects of early copper deprivation on that process. In the first study, newly hatched chicks were fed copper-deficient Mechanism of activation The restoration of SOD activity in response to copper was investigated further. The rapidity of the re-activation suggested that the cofactor and not the protein may be rate-limiting. That hypothesis assumes that the biosynthesis of the SOD protein de novo is not required for activation. Extracts from copper-deficient and control aortas were treated with chloroform/ethanol to remove protein impurities and then subjected to e.l.i.s.a. (Fig. 7) . Despite the apparent absence of CuZn-SOD activity, polyclonal antibodies to the holoenzyme had detected the presence of immunoreacting protein in extracts of deficient aortas (Fig. 3) . The extracts for control aortas were both catalytically active and rich in immunoreacting protein (Fig. 3) . As determined by quantitative e.l.i.s.a., the deficient tissue contained as much or more immunoreacting SOD protein than did extracts from control (Fig. 7) . This can be interpreted to mean that copper deficiency lowers the catalytic activity without decreasing the amount of SOD protein in this tissue.
If the immunoreacting protein was a metal-free form of CuZn-SOD, adding copper ions directly to the extracts should renew SOD activity. This hypothesis was tested. Briefly, CuZn-SOD activity was not restored when the extracts were made 0.1 mm with respect to CuCl2. Similarly, copper added to chloroform/ethanol extracts also failed to activate the enzyme (results not shown). Thus it would appear that the immunoreacting SOD protein will not bind copper or fails to achieve a catalytically active conformation when the copper is added directly. Further characterization of this protein is required.
DISCUSSION
CuZn-SOD activity in lung (Jenkinson et al., 1984) and other tissues (Paynter et al., 1979; Prohaska, 1983) is regulated by the availability of copper. The SOD activity in erythrocytes is suppressed by low dietary copper (Williams et al., 1975; Bohnenkamp & Weser, 1976; Bettger et al., 1978 Bettger et al., , 1979 and, in clinical settings, CuZn-SOD activity has been used to diagnose copper status in humans (Scudder et al., 1976; Saito et al., 1982; Uauy et al., 1985) and animals (Andrewartha & Caple, 1980) . Here, we found both the cyanide-sensitive and -insensitive forms of SOD present in the aorta of young chicks, and both were decreased in copper deficiency.
In the present study, SOD activity in chick aorta increased dramatically shortly after hatching. The rise was not permanent, and activity fell as the animals matured. An enhancement and decline of the SOD activity in early stages of development has also been seen in chick muscle (Mizuno, 1984) . The decline would appear to be important in the normal pattern, because failure to decline with maturation has been correlated with muscular dystrophy (Mizuno, 1984) . The development of SOD in chick aorta and muscle contrasts somewhat with the situation in rat lung. In this tissue, cytosolic SOD activity decreases in the first 24 h post partum, and then increases for about 7 days before declining to mature levels (Kakkar et al., 1986) . Fruitflies (Drosophila) show enhanced SOD activity from larval to the 1-day adult stage. In the early growth stages the activity seems to depend on the copper content of the tissue (Massie et al., 1980) . Thus one can consider copper a major regulating factor for SOD activity in the early development of many species.
In the present study we observed SOD activity was controlled by the copper cofactor. Somewhat unexpectedly, activity could only be restored by adding copper to the animal; copper salts added directly to homogenates or to semi-purified extracts failed to restore catalytic function. Yet aortic tissue from deficient chicks appeared to have protein(s) that reacted with antibodies to CuZn-SOD. One could speculate that copper deficiency gives rise to a metal-free CuZnSOD protein that is refractory to copper addition in an acellular environment. In some respects this observation is reminiscent of that on lysyl oxidase, which also resisted re-activation in vitro, but instead required intact, metabolically active, tissue (Rayton & Harris, 1979 ).
Apo-SOD, produced by EDTA or cyanide treatment of the holoenzyme, is re-activated rapidly by adding copper salts to the protein in acidic solution (Fee, 1973a; Valentine et al., 1979; Rigo et al., 1977a, b) . Only copper suffices to restore the enzyme's catalytic properties in such 'in vitro' reconstitution systems (McCord & Fridovich, 1969) . Copper ions will not restore the manganese enzyme (Ose & Fridovich, 1976) . CuZn-SOD has two binding sites for copper, one on each subunit. Rigo et al. (1977b) reported that these binding sites were not equivalent, but seemed to bind copper with different activation energies and by a co-operative mechanism (Rigo et al., 1977a) . Restoring catalytic activity in vitro does not require zinc ions. Zinc, however, must be present in the reconstitution buffer to restore the enzyme to its native form (Beem et al., 1974; Fee, 1973b) .
To date no one has achieved activation of CuZn-SOD by adding copper to copper-deficient cells or tissues. A report mentioned that copper added directly to haemolysates of erythrocytes from patients suffering chronic copper deficiency failed to restore or enhance the apparent low SOD activity (Uauy et al., 1985) . If the immunoreacting SOD protein in aortic extracts is a metal-free form of the native protein, activation should have occurred instantly upon the addition of copper salts to the extracts. Failure to observe this suggests that copper deficiency gives rise to a copper-free SOD that differs from the EDTA-treated enzyme in copper-binding properties. The nature of this protein requires further investigation. The following paper (Dameron & Harris, 1987) shows that CuZn-SOD activity in deficient aortas can be restored effectively and rapidly, but only when copper salts or protein complexes are added to intact aortic tissue in culture medium.
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